Background-There has been considerable speculation about the role of lesion microvessels in the accumulation of leukocytes in atherosclerosis. However, direct study of microvascular recruitment of leukocytes in lesions has not been performed, and the quantitative role for this route of entry is unclear. Methods and Results-Here, microvascular recruitment of leukocytes was studied in advanced lesions in 12-to 24-month-old apolipoprotein E-deficient (ApoE Ϫ/Ϫ ) mice. Histology and transmission electron microscopy demonstrated the presence of mainly adventitial, but also intimal, microvessels. Interactions between leukocytes and endothelium occurred in lesion venules. Leukocyte rolling was largely P-selectin dependent; however, residual rolling was mediated by L-selectin and endothelial P-selectin glycoprotein ligand 1. Leukocyte adhesion was significant and was attenuated in mice treated with antibodies against P-selectin, CD18, or both before preparation for intravital microscopy, suggesting acute activation of these 2 molecules by surgical trauma. Nonetheless, the density of firmly arrested leukocytes was 100-fold higher in lesion venules compared with the arterial lumen even in mice pretreated with antibodies against P-selectin and CD18, indicating strong recruitment of cells from venules that is unrelated to experimental manipulation. Fluorescent myelomonocytic cells in ApoE Ϫ/Ϫ mice carrying a knock-in mutation for enhanced green fluorescent protein (EGFP) in the lysozyme M locus (ApoE Ϫ/Ϫ /lysM EGFP/EGFP mice) were distributed specifically around lesion venules, but not around arterioles or capillaries, further indicating ongoing extravasation from venules into plaque tissue. Conclusions-These findings provide strong data for microvascular recruitment of leukocytes in atherosclerosis and indicate roles for L-selectin and P-selectin glycoprotein ligand 1 in this process. (Circulation. 2011;124:2129-2138 .) The online-only Data Supplement is available with this article at http://circ.ahajournals.org/lookup/suppl/
L eukocytes are key players in the development of atherosclerotic lesions. Inhibition of recruitment of inflammatory cells to plaque introduces an option for treatment of atherosclerosis and its complications. 1, 2 Leukocyte invasion into lesions has traditionally been considered to take place from the arterial lumen. 3 Consequently, numerous studies have investigated the activation of arterial endothelium in response to atherogenic stimuli, expression of cell adhesion molecules (CAMs) and chemokines in arteries, and interactions between leukocytes and arterial endothelium. 4 -7 However, although many leukocytes undoubtedly invade lesions by the arterial route, arterial endothelium does not respond strongly to inflammatory stimulation, and thus does not favor recruitment of leukocytes. 8, 9 In contrast, endothelium on the venous side of the vascular tree is inflammatory responsive and provides an efficient recruitment pathway for leukocytes to sites of injury or inflammation. 10 Apparently, a venous site of entry for leukocytes in atherosclerosis might mediate more efficient trafficking of inflammatory cells.
Clinical Perspective on p 2138
As atherosclerotic lesions increase in thickness, a network of microvessels develops inside lesions. 11, 12 These vessels are known to increase in numbers in vulnerable stages of the disease, and their density has been associated with the onset of plaque rupture and clinical manifestations of the disease. 13, 14 However, although inhibition of the buildup of microvessels by treatment with substances blocking angiogenesis limits the development of atherosclerosis in mice, 15, 16 the causal roles of microvessels in atherogenesis are unclear. It has been suggested that vasa vasori open pathways for transport of solutes to the vessel wall in coronary arteries, 17 and that intraplaque hemorrhage, an event associated with rapid lesion growth and rupture, may be mediated not only by bleeding from the arterial lumen but also through loss of microvascular integrity in lesions. 18, 19 In addition, certain studies have investigated the possibility that lesion microvessels could be involved in the delivery of leukocytes to plaque. 20 However, the functional characteristics of microvessels in atherosclerotic lesions, including their inflammatory properties, are unknown, and direct evidence for the roles of microvessels in the accumulation of leukocytes in lesions is missing.
In the present study, various microscopic techniques were used to investigate the characteristics of microvessels in advanced atherosclerotic lesions in apolipoprotein E-deficient (ApoE Ϫ/Ϫ ) mice. The data reveal that venules in atherosclerosis represent an important entry pathway for leukocytes to plaque. This study establishes a major role for lesion microvessels in leukocyte trafficking in atherosclerosis.
Methods

Animals
One hundred sixty-eight (male, nϭ93; female, nϭ75) ApoE Ϫ/Ϫ mice were obtained from M&B, Ry, Denmark. ApoE Ϫ/Ϫ /lysM EGFP/EGFP mice (EGFP indicates enhanced green fluorescent protein) were created as previously described. 21 Beginning at 8 weeks of age, the ApoE Ϫ/Ϫ mice were fed a Western diet (Analyzen, Odal, Sweden) based on cornstarch, sucrose, glucose, cocoa butter, cellulose, minerals, and a vitamin mix. The diet contained 0.15% cholesterol and 21% (wt/wt) total fat. Ten C57Bl/6 mice were fed standard chow. Water was provided ad libitum. The experiments were approved by the regional ethics committee for animal experimentation.
Intravital Microscopy
Under isoflurane anesthesia, catheters were placed in the left carotid artery and the left jugular vein. The abdomen was opened and the aorta was exposed. If atherosclerotic plaque containing microvessels were found, lesions were exposed for microscopic observation. The outmost care was taken not to injure vessels feeding or draining the plaque microvascular network, and if any signs of impaired blood flow were noticed, the animal was excluded from the study. The exposed tissue was superfused by buffered saline at 37°C. A pressure transducer connected to the carotid catheter monitored blood pressure. All mice had a mean blood pressure Ͼ60 mm Hg with an average of Ϸ90 mm Hg. Rectal temperature was kept at 37°C with an infrared heat lamp. Blood samples (10 L) were taken from the tail vein and analyzed for white blood count in a Bürker chamber. Microscopic observations were made by use of a Leitz Biomed microscope with Nikon WI10 or Leitz SW25 water immersion objectives. Epi-illumination fluorescence microscopy was started after injection of fluorescent beads, the plasma tracer molecule FITC dextran (250 mg/mL), after labeling of circulating leukocytes with an intravenous injection of rhodamine 6G (0.3 mg/mL, 0.67 mg/kg), or after no treatment in ApoE Ϫ/Ϫ /lysM EGFP/EGFP mice in which neutrophils and monocytes are endogenously fluorescent. 22 Images were recorded with a VNC-703 charge-coupled device video camera for offline analysis. Rolling leukocyte flux was determined as the number of leukocytes passing a reference line perpendicular to blood flow. Leukocyte adhesion was determined as the number of leukocytes stably arrested for Ͼ60 seconds in individual vessel segments.
In Vivo Detection of CAMs
Fluorescent beads coated with protein G (2 m in diameter, Polysciences Inc) were coupled to antibodies by incubating 50 L bead solution with 50 g antibody (1 mg/mL) for 30 minutes at room temperature. The solution was washed, resuspended in 1.0 mL Hank buffered salt solution, and sonicated. Mice were given 300 L of the bead solution through the carotid artery catheter, and binding of beads to the endothelium was analyzed after 5 minutes. All binding of beads to endothelium was compared with beads coated with an irrelevant isotype control antibody in each animal. As for staining of PSGL-1, binding of beads was measured in the central 100 m of venules in atherosclerotic lesions in which P-selectin-independent rolling was detected. The number of beads was compared with that of all other observed atherosclerotic lesional venules of similar diameter in the same animal.
Scanning Electron Microscopy
Mice were perfused with 2.5% glutaraldehyde through the left ventricle (100 mm Hg for 20 minutes) with outflow through the right atrium. The aorta was mounted en face on cork and dehydrated in ethanol and by critical point dehydration in CO 2 . After gold sputter coating, the vessels were examined in a Philips 515 scanning electron microscopy.
Histology and Transmission Electron Microscopy
Aortic segments from perfusion-fixed animals were prepared by standard protocols described fully in the online-only Data Supplement. Specimens were examined in a Philips CM120Twin electron microscope at 80 kV. For toluidine blue staining, 1-m-thick sections were cut, stained, and observed in a Nikon Optiphot-2 microscope with Plan 20ϫ/0.50 or 40ϫ/0.85 objectives.
Antibodies and Reagents
Monoclonal antibodies (mAbs) RB40.34 against mouse P-selectin and 4RA10 against mouse PSGL-1 were kindly provided by Dietmar Vestweber, University of Münster, Germany. The hybridoma for mAb GAME46 against mouse CD18 was kindly provided by Ed Roos, Netherlands Cancer Institute, Amsterdam, the Netherlands, and antibody was prepared from cell supernatants on a protein L column. Rhodamine 6G and FITC dextran came from Sigma. FITC-labeled microspheres were obtained from Molecular Probes, and beads coated with protein G came from Polysciences Inc.
Statistical Analysis
The data represent the meanϮSEM of measurements obtained in the indicated number of experiments. Statistical comparison between independent groups was performed with the Student t test or the Mann-Whitney rank-sum test; comparison before and after antibody blockage of CAMs was performed with a paired t test or Wilcoxon signed-rank test for paired samples. Multiple comparisons were performed by 1-way ANOVA or the Kruskal-Wallis 1-way ANOVA on ranks adjusted for multiple comparisons with the Dunn test. Data on leukocyte rolling before and after antibody treatment were analyzed by use of a 2-level conditional hierarchical linear model with fixed group effect in which the fixed-effect parameters correspond to the means of the groups and the random effects are the levels of the random effect nested within the levels of the fixed effect according to the following equation:
The model has 2 variance component parameters to be estimated: the animal-to-animal variability and the segment-to-segment variability within an animal. Data on leukocyte adhesion were calculated both by analysis of pooled data on adhesion per 1-mm 2 endothelial area and by a model similar to that described for leukocyte rolling. Post hoc analyses were performed by the Dunnett test. Distribution of these variables was positively skewed, and before the formal analyses, the variables were log transformed. Statistical significance was set at PϽ0.05.
Results
Microvessels in atherosclerotic arteries were studied in 12-to 24-month-old ApoE Ϫ/Ϫ mice fed a Western diet from 8 weeks of age. Macroscopically visible lesions were present in the abdominal aorta in 126 of 168 mice, a few of which carried Ͼ1 abdominal plaque. Microvessels were regularly found adjacent to plaque ( Figure 1A ). On gentle dissection, most of these vessels were mobile in relation to the lesion; however, certain more deeply located vessels were immobile, suggesting that they were located closer to or within the plaque tissue. Such vessels, regarded as lesional vessels, were present in 109 of 141 observed abdominal plaque (77%). In general, lesional vessels were found on larger, thicker lesions, whereas small plaque carried few or no microvessels.
Characteristics of Microvessels in Atherosclerotic Lesions in ApoE ؊/؊ Mice
To study the detailed structure of plaque microvessels in ApoE Ϫ/Ϫ mice, light microscopy and transmission electron microscopy were performed on control C57Bl/6 mice and on the first 39 lesion specimens in which microvessels had been observed by stereomicroscopy ( Figure 1B through 1E ). There were no microvessels in the healthy mouse aorta of C57Bl/6 mice. Adventitial microvessels were detected in sections from 13 of 39 of the studied advanced atherosclerotic lesions. In contrast, intimal microvessels were found in only 2 of 39 studied advanced lesions; in both, maximal intimal thickness exceeded 500 m ( Figure IA in the online-only Data Supplement). The number of adventitial vessels increased with lesion progression ( Figure IB and IC in the online-only Data Supplement). Notably, the advanced lesions observed could extend for several millimeters in the abdominal aorta, and thin sections for transmission electron microscopy were prepared from only a small area of the plaque. Thus, microvessels located outside the sectioned area were not visualized, explaining at least some of the differences in the abundance of microvessels observed by stereomicroscopy and transmission electron microscopy. Nonetheless, adventitial microvessels seem to dominate over intimal microvessels in advanced lesions in mice.
Study of the architecture of lesion microvascular networks was performed by intravital microscopy after injection of the plasma tracer molecule FITC dextran. As shown previously, 15,23 microvessel development ranged from isolated vessels to extensive networks (Figure 2A and Figure IIA and IIB and Video I in the online-only Data Supplement). Lesional vessels showed frequent changes in direction, with vessels running in loops and with abundant intersections (Figure 2A ). Moreover, sprouting and vessel dilation, features characteristic of immature or angiogenic vessels, 24 were also observed ( Figure 2B and 2C).
Rolling of Leukocytes in Plaque Venules Is Mediated by P-Selectin, L-Selectin, and PSGL-1
We used intravital microscopy to study recruitment of leukocytes to atherosclerotic lesions. There were no microvessels in the macroscopically healthy aortic wall in C57Bl/6 mice or in ApoE Ϫ/Ϫ mice (nϭ10ϩ22 mice). In parallel, no microvessels were present in small and thin early lesions (nϭ23). Consequently, no rolling or recruitment occurred from vasa vasori in these locations. Nonetheless, rolling of leukocytes occurred regularly on aortic endothelium in these plaques. Thus, recruitment of leukocytes to early lesions appears to take place through the arterial lumen. Data on leukocyte rolling on luminal endothelium in lesions were described in detail previously. 5 In larger, thicker, and thus more advanced lesions, microvessels were regularly found. Under the intravital microscope, there was a difference in appearance between mi-crovessels that were mobile or immobile in relation to the lesion on surgical manipulation. The immobile vessels were located deeper and were found in the same focal plane as the plaque tissue, supporting that they were indeed integrated into lesions. In these vessels, no interactions between leukocytes and endothelium occurred in feeding arterial vessels or in capillaries. However, rolling and adhesion of leukocytes were abundant in draining venules (Video II in the online-only Data Supplement). Blockage of P-selectin with mAb RB40.34 reduced rolling to 14Ϯ5.4% of rolling before inhibition (rolling mean estimate, 14%; 95% confidence interval [CI], 2.6 -25, representing a significance of PϽ0.05 according to the mixed statistical procedure described in Methods; Figure 3A ), suggesting a major role for P-selectin in rolling in plaque microvessels. Residual rolling occurred in a minority of venules and was unaffected by blockage of E-selectin with mAb 9A9 ( Figure 3B ; nϭ5 mice, nϭ8 venules; mean, 110%; 95% CI, 43-283; PϭNS). However, inhibition of L-selectin strongly reduced P-selectin-independent rolling (nϭ9 mice, nϭ12 venules; mean, 1.2%; 95% CI, 0.19 -3.2; PϽ0.05). P-selectin-independent rolling was not influenced by blockage of known lymphoid L-selectin ligands such as the peripheral node addressin (mAb MECA-79; nϭ5 mice, nϭ6 venules; mean, 93%; 95% CI, 38 -222; PϭNS) or MAdCAM-1 (mAb HECA-367; nϭ8 mice, nϭ8 venules; mean, 103%; 95% CI, 58 -148; PϭNS). However, function inhibition of PSGL-1 with mAb 4RA10 abolished P-selectin-independent rolling, suggesting that PSGL-1 acts as an L-selectin ligand in lesion microvessels (nϭ12 mice, nϭ14 venules; mean, 0.26; 95% CI, Ϫ0.29 -1.24; PϽ0.05). Importantly, P-selectin-independent rolling occurred in the absence of leukocytes adherent to the endothelium, suggest- ing that capture and rolling were mediated by interactions between leukocytes and endothelium and not by interactions between leukocytes.
Because P-selectin stored in endothelial cells may be rapidly upregulated in response to surgical trauma, 25 the important role of P-selectin-dependent rolling in plaque microvessels exposed to intravital microscopy may not represent a similar importance in leukocyte accumulation in atherosclerosis. To study whether P-selectin was induced by the surgical procedure, we stained P-selectin before and after surgery by fluorescent beads coated with mAb RB40.34. Intravenous injection of coated beads before surgery did not result in strong binding of beads ( Figure 4A1 ). However, when RB40.34-coated beads were introduced after the tissue had been prepared for microscopy, beads bound the endothelium of drainage venules in high numbers, supporting the idea that rolling mediated by P-selectin was due partly to experimental manipulation ( Figure 4A2 ). Binding of beads coated with an irrelevant control antibody was very low (not shown). Importantly, binding of beads occurred only in draining but not feeding vessels or capillaries in a way similar to that demonstrated in systemic microvessels ( Figure 4B ), supporting that microvascular networks in lesions are built up by arterioles, venules, and capillaries with respective functions similar to those seen in other vascular beds.
Expression of PSGL-1 has been demonstrated not only on leukocytes but also on chronically inflamed intestinal endothelium. Because blockage of PSGL-1 was found to inhibit L-selectin-dependent rolling in plaque venules, we also stained for this molecule in lesion venules. Indeed, binding of mAb 2PH1-coated beads was more prominent in segments of venules in which P-selectin-independent rolling was observed than in the segments in which no such interactions took place (2.1Ϯ0.35 versus 0.27Ϯ0.82 beads per 100-m venular length; PϽ0.05 by t test; nϭ5 mice). Thus, the data support that PSGL-1 acts as an endothelial ligand for L-selectin in microvessels in lesions.
Firm Adhesion of Leukocytes in Lesion Venules
We subsequently sought to investigate whether firm adhesion occurs in venules and whether adhesion, like rolling, was stimulated by mechanisms induced by the surgical procedure. 
Eriksson Leukocyte Recruitment From Lesion Microvessels
Indeed, firmly arrested cells were visible in venules in plaque. Moreover, antibody blockage of P-selectin with RB40.34 reduced adhesion compared with when this mAb was given during microscopy (PϽ0.05; statistical significance was obtained with both the mixed-model approach outlined in the Methods section and the t test on pooled data from control and antibody-treated mice; Figure 5 ). These data indicate that firm adhesion was increased by surgical manipulation. A similar tendency was observed after treatment with mAb GAME-46 against the common ␤ 2 integrin subunit CD18; however this was not fully significant (t test pooled data, Pϭ0.032; mixed model raw, Pϭ0.027; mixed model adjusted by the Dunnett test, Pϭ0.078). Combined blockage of both molecules resulted in no additional inhibition of adhesion, indicating that P-selectin and CD18 mediate adhesion of the same population of cells (adhesion, PϽ0.05 versus control). Nonetheless, a significant number of adherent leukocytes were observed in plaque venules even in experiments in which P-selectin and CD18 were blocked before surgery. Because no leukocytes initiated firm arrest without prior rolling and because firm arrest after P-selectin-independent rolling was rarely observed during the time of microscopic observation, the data indicate that at least a majority of firmly arrested leukocytes observed in these experiments had adhered before inhibition of P-selectin and CD18 and thus before experimental manipulation. Thus, leukocyte adhesion to venular endothelium in mice receiving antibodies against P-selectin and CD18 before surgery represents an ongoing recruitment of leukocytes to the atherosclerotic vascular wall.
Venules in Atherosclerosis Are Major Entry Pathways for Leukocytes to Lesions
Given the above findings, it is plausible that leukocyte adhesion in venules in atherosclerotic lesions seen when P-selectin and/or CD18 were blocked before experimental manipulation represents an ongoing recruitment of cells. To study whether this recruitment makes a quantitatively important contribution to the overall recruitment of leukocytes, we compared adhesion in lesional venules detected by intravital microscopy with adhesion to arterial endothelium covering plaque as studied by scanning electron microscopy. In our intravital microscopy experiments, endothelial surface area of plaque venules was 0.22Ϯ0.055 mm 2 , whereas aortic luminal area was 0.88Ϯ0.077 mm 2 in the same plaque specimens prepared for scanning electron microscopy, thus representing a roughly 4-fold-larger luminal endothelial area ( Figure 6A ). As demonstrated above, adhesion after blockage of P-selectin and CD18 before surgery likely represents ongoing recruitment of leukocytes during the course of atherogenesis. Interestingly, in a comparison of the number of adherent leukocytes per 1-mm 2 surface area after this treatment, leukocyte adhesion was markedly (Ϸ100-fold) higher in lesion venules compared with the arterial lumen. Thus, the data indicate a strong potential for recruitment from venules in plaque ( Figure 6B ). To investigate whether adhesion of leukocytes in lesion venules is followed by invasion into plaque tissue, we analyzed extravasation of EGFP-labeled myelomonocytic leukocytes in 12-to 24-month-old ApoE Ϫ/Ϫ /lysM EGFP/EGFP mice 26 by studying the spatial distribution of leukocytes in relation to individual microvessels. To minimize bias by extravasation from adjacent vessels, we selected those that were as isolated from other vessels as possible. As shown in Figure 7A through 7C, extravasated leukocytes were located predominantly around plaque venules but not around arterioles or capillaries. Hence, the data indicate that lesion venules represent a major recruitment pathway for leukocytes to lesions.
To investigate whether adventitial microvessels could serve as a conduit for leukocytes to the intima of atherosclerotic lesions, we analyzed the density of leukocytes in lesions in 1-m sections stained with toluidine blue and by transmission electron microscopy. In these plaques, all of which exceeded Ͼ200 m in thickness, cellular density in the intima was low in deeply located regions of the necrotic core within 100 m of the intimal/medial border (nϭ39; PϽ0.05). In lesions that were lacking microvessels, the average cellular density in these areas was 183Ϯ26 cells per 1 mm 2 (26 mice). However, cellular density in lesions carrying microvessels was significantly higher (654Ϯ176 cells per 1 mm 2 ; 13 mice; PϽ0.05; Figure 8A) , indicating that the presence of adventitial microvessels open a gateway for leukocytes to plaque intima. Images of migrating cells on the adventitial/intimal border are shown in Figure 8B and 8C.
Discussion
Invasion of leukocytes in the arterial wall is a key mechanism in the development of atherosclerotic lesions and in the transition from stable to vulnerable plaque. Over the years, there has been considerable speculation about the role for leukocyte entry from lesional microvessels. 27 However, although such vessels have been demonstrated in association with inflammation in lesions, conclusive evidence for the importance of the microvascular network in the invasion of leukocytes is missing.
In the present study, light, fluorescence, and electron and intravital microscopy were used to study microvessels in advanced atherosclerotic lesions in ApoE Ϫ/Ϫ mice. The data show that lesion vasa vasori make up complete microvascular networks with arterioles, capillaries, and venules and that networks are somewhat irregular, with some vessel features typical of ongoing angiogenesis. In contrast, less advanced lesions carry no microvessels. Nonetheless, interactions between leukocytes and endothelium occur in the arterial lumen. 5 Combined, these data indicate that, at least in this mouse model, leukocytes gain entry from the arterial endothelium during early stages of the disease. However, as microvascular networks develop, rolling, adhesion and extravasation will start to occur spontaneously in lesion venules. Strikingly, venules in atherosclerosis represent a recruitment pathway that, in our experiments, was Ϸ100-fold more efficient per endothelial area than invasion from the arterial lumen. Hence, once microvascular networks have developed inside lesions, leukocytes will likely use venules as their primary site of entry.
Neovessels in atherosclerotic lesions have received increasing interest with regard to their potential roles in atherogenesis. The mechanisms by which microvessels have been hypothesized to influence atherogenesis include delivery of proatherogenic solutes and lipoproteins, 28 contribution to plaque hemorrhage, 29 and recruitment of inflammatory cells to plaque. 30 Studies investigating a possible role for lesional microvessels in the invasion of leukocytes have been presented previously. O'Brien et al 31, 32 showed that neovessel endothelium in lesions from human coronary arteries expresses high levels of intercellular adhesion molecule-1, vascular cell adhesion molecule-1, and E-selectin. Moulton et al 15, 16 showed in 2 separate articles that the angiogenesis inhibitors endostatin and angiostatin reduce atherosclerosis in mice and that microvascular endothelial area correlates with the number of leukocytes in plaque. An association between microvascular density and leukocyte content has also been suggested by data from de Boer et al 33 and Ionita et al. 34 However, the spatial association between microvessels and leukocytes in lesions may not be an effect of recruitment of leukocytes from these vessels but may reflect secretion of angiogenic factors from immune cells and subsequent growth of vessels into inflamed areas. 35 Apparently, the present study fills an important gap in our understanding of the role of microvessels in atherosclerotic lesions by demonstrating that endothelium in lesional venules, but not arterioles or capillaries, is highly capable of recruiting leukocytes to lesions. Although we demonstrate the importance of lesion venules in the accumulation of leukocytes in mice, the microvascular recruitment pathway could be even more significant in human lesions, which carry more extensive microvascular networks because of their size and nutritional requirements. This also includes the more plentiful intimal networks that are less abundant in mouse lesions. In this study, however, microvessels were abundant in the adventitia of atherosclerotic arteries in mice, and it is possible that some of the vessels in the present material were integrated into a tertiary lymphoid tissue like that recently described in advanced mouse atherosclerosis. 36 Nonetheless, there was also rich extravasation of myelomonocytic cells, indicating that cells other than lymphocytes use the microvascular route of entry. These cells may also migrate to the intima in significant numbers. 37 In addition, the fact that the microvascular network in lesions contains venules with inflammatory capabilities distinct from that of arterioles and capillaries makes it likely that venules in the arterial intima may not be any different and thus may also recruit leukocytes to lesions in a manner similar to adventitial venules. This would be especially true in shoulder regions of lesions where high inflammatory activity 38 will influence adjacent venular endothelium to express molecules of importance for the extravasation of leukocytes, subsequent accumulation of immune cells, release of leukocytic enzymes such as matrix metalloproteinases that are involved in plaque rupture, and increased microvascular permeability and leak- Cell density was measured in lesions with or without adventitial microvessels. *PϽ0.01 by t test vs avascular lesions; only 1 plaque was obtained from each animal. B, Images of cell migration to the intima in 1-m sections stained by toluidine blue. B1, A typical atherosclerotic lesion with no lesion microvessels. Note the low cell density in the deeply located areas close to the media (barϭ100 m). B2, A microvascular lesion in which cells appear to move into deep regions of the intima (barϭ100 m). B3, Cells that appear to migrate into the intima from the media (barϭ50 m). C, Transmission electron microscopy images of cells with the appearance of neutrophils apparently migrating to the intima. C1, Overview (barϭ25 m); C2, close-up of C1 (barϭ10 m); C3, migration of a neutrophil through medial elastic lamellae (barϭ25 m).
age of plasma constituents such as inflammatory lipoproteins, antibodies, or complement factors. Hence, a positive feedback loop of inflammation and degradation would develop in areas with the highest density of microvessels. Indeed, as shown previously, plaque rupture is increased in areas with abundant microvessels. 39, 40 In parallel, systemic inflammation also triggers acute events related to atherosclerosis, 41 which may be enhanced by the presence of venules with strong inflammatory properties inside lesions. However, because vasa vasori are rare in the normal mouse aorta and intimal vessels are absent in healthy human arteries, the effect of leukocyte invasion from lesion venules will probably be of importance primarily at later stages during the course of the disease. Previous data indicate that there is a continuous buildup of neovessels in advanced lesions, which is at least partly dependent on the hypoxia-inducible factor and vascular endothelial growth factor pathways. 42, 43 In the present material, the architecture of the microvascular network in mouse lesions indeed revealed signs of ongoing angiogenesis such as frequent vessel turns, vessel dilatation, arteriovenous shunts, and occasional vessel sprouts 44 that are scarce in established tissues. Because previously presented data have shown that microvessels in human plaque start to develop at a lesion thickness Ͼ500 m regardless of disease stage 45 and because previous data and those presented here indicate that microvessels in mouse lesions develop at intimal depths similar to those in humans, 15, 16 these data collectively support that formation of lesion microvessels is driven mainly by hypoxia and nutritional demands at significant intimal depths, not primarily by secretion of factors by cells in plaque at a certain phase of disease progress. In fact, it is possible that growth of microvessels into lesions is a prerequisite for plaque progression above a certain lesion thickness, and inhibition of microvessel angiogenesis may thus be a therapeutic target. To this end, the data in the present study indicate that the reduction in lesion progress caused by angiogenesis inhibitors might be dependent not only on intervention of the supply of oxygen and nutrients to lesions but also on attenuated accumulation of leukocytes.
Conclusions
This study investigates leukocyte trafficking in microvessels in atherosclerotic lesions. The data demonstrate that venules in atherosclerosis represent a major entry pathway for leukocytes to lesions that, in advanced stages of atherogenesis, may outnumber recruitment from the arterial lumen. These findings establish the development of microvessels as a key element in the development of atherosclerosis.
